
Atomic Clocks  Research i n  The Aerospace C o r p o r a t i o n  
Chemist ry  and P h y s i c s  L a b o r a t o r y  -- An Overview 

R .  P. F r u e h o l z ,  N.  D .  Bhaskar ,  J. C .  Camparo, 
B. J a d u s z l i w e r  , and C .  M .  Klimcak 

Chemist ry  and Phys ics  Labora to ry  
The Aerospace Corpora t ion  

P.  0. Box 92957, Loa Angeles , CA 90009 

A b s t r a c t  
One r o l e  o r  The Aerospace C o r p o r a t i o n  is t o  a c t  a s  a s o u r c e  of  t e c h n i c a l  

and s c i e n t i f i c  e x p e r t i s e  f o r  i t 8  p r i n c i p a l  cus tomer ,  t h e  Uni ted  S t a t e s  A i r  
F o r c e  Space D i v i s i o n .  I n  s u p p o r t  of  t h i s  r o l e  t h e  C o r p o r a t i o n ' s  Chemist ry  and 
Phys ic3  Labora to ry  conduc t s  a r e v e a r c h  program i n v e s t i g a t i n g  v a r i o u s  a s p e c t 3  
of a tomic  f requency  s t a n d a r d s .  The prime o b j e c t i v e  of t h e  program is t o  
improve t h e  r e l i a b i l i  t,y and performance of t h e  a tomic  f requency  s t a n d a r d s  used 
on Air Force  s a t e l l i t e s .  I n  mee t ing  t h i s  o b j e c t i v e  t h e  i n v e . s t i g a t i o n s  main- 
t a i n  broad e x p e r t i s e  acros,r t h e  r a n g e  o f  t r a d i t i o n a l  s t a n d a r d s ,  rubidium and 
cesium, as w e l l  as deve lop ing  e x p e r t i s e  i n  s t a n d a r d s  wi th  p o t e n t i a l  s a t e l l i t e  
a p p l i c a t i o n s ,  f o r  example t h e  hydrogen ma,ser and t h e  s t o r e d - i o n  s t a n d a r d .  
S e v e r a l  a r e a s  a s s o c i a t e d  w i t h  improving t h e  performance and r e l i a b i l i t y  of t h e  
rubidium s t a n d a r d  a r e  under i n v e s t i g a t i o n :  a n a l y t i c a l  mode l l ing  of c l o c k  
f requency  s t a b i l i t y ,  t h e  o r i g i n s  of f r equency  d r i f t ,  advanced,  l a s e r - b a s e d  
o p t i c a l  pumping t e c h n i q u e s ,  and d i 3 c h a r g e  lamp r e l i a b i l i t y  . Our prime concern  
w i t h  t h e  cesium s t a n d a r d  i n v o l v e s  improving t h e  r e l i a b i l i t y  of compact,  s a t e l -  
l i t e  compat ib le  d e s i g n s .  Topics  c u r r e n t l y  be ing  s t u d i e d  i n c l u d e :  g r a p h i t e  
g e t t e r i n g  of expended ces ium,  e l e c t r o n  mu1 t i p l i e r  g a i n  decay p r o c e s s e s ,  and 
c e s i  um oven performance . I n v e s t i g a t i o n s  aimed a t  improving hydrogen maser 
performance i n c l u d e  s t u d y  of t h e  mot iona l  narrowing p rocess  which y i e l d s  t h e  
narrow h y p e r f i n e  resonance  fea t rule  upon which ma,ser o p e r a t i o n  is based and 
c h a r a c t e r i z a t i o n  of hydrogen d i a s o c i a t o r  performance i n  terms of hydrogen 
consumption and t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  e m i t t e d  hydrogen atoms. I t  
is a n t i c i p a t e d  t h a t  the d e t a i l e d  d e s c r i p t i o n s  of t h e s e  s t u d i e s  p r e s e n t e d  i n  
t h i 3  paper w i l l  f u r t h e r  inform t h e  time and f requency  community of t h e  
c a p a b i l i t i e s  o f  Aerospace 's  Chemist ry  and P h y s i c s  Labora to ry  and promote t h e  
e f f i c i e n t  exchange of inf'ormation between our  l a b o r a t o r y  and bo th  government 
and commercial o r g a n i z a t i o n s  . 
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I. I N T R O D U C T I O N  

One r o l e  of The Aerospace Cor-paration is t o  a c t  a s  a  s o u r c e  o f  t e c h n i c a l  
and s c i e n t i f i c  e x p e r t i s e  f o r  its p r i n c i p a l  cus tomer ,  t h e  Uni ted  S t a t e s  A i r  
Force  Space D i v i s i o n .  I n  s u p p o r t  of t h i s  r o l e  t h e  C o r p o r a t i o n ' s  Chemist ry  and 
P h y s i c s  Labora to ry  (CPL) conduc t s  a  r e s e a r c h  program i n v e s t i g a t i n g  v a r i o u s  
a s p e c t s  of a tomic  f requency  s t a n d a r d s .  The prime o b j e c t i v e  of t h e  program is 
t o  improve t h e  r e l i a b i l i t y  and performance of t h e  a tomic  f requency  s t a n d a r d s  
used on Air Force  s a t e l l i t e s .  I n  mee t ing  t h i s  o b j e c t i v e  t h e  i n v e s t i g a t i o n s  
m a i n t a i n  broad e x p e r t i s e  a c r o s s  t h e  r a n g e  of t r a d i t i o n a l  s t a n d a r d s ,  rubidium 
(Rb)  and cesium ( C s ) ,  a s  w e l l  a s  deve lop ing  e x p e r t i s e  i n  s t a n d a r d s  w i t h  
p o t e n t i a l  s a t e l l i t e  a p p l i c a t i o n s ,  f o r  example t h e  hydrogen (H) maser and t h e  
s t o r e d - i o n  s t a n d a r d .  I n  t,hi.s p a p e r ,  a n  overview of The Aerospace Corpora- 
t i o n ' s  CPL Atomic Clock Research Program is p r e s e n t e d .  

One f a c t o r  d i s t i n g u i s h i n g  t h e  work b e i n g  conducted a t  Aerospace from t h a t  
be ing  c a r r i e d  o u t  a t  o t h e r  l a b o r a t o r i e s  a s  w e l l  a s  by c l o c k  m a n u f a c t u r e r s  is 
t h a t  complete  c l o c k  p r o t o t y p e s  a r e  no t  f a b r i c a t e d .  I n  c o n t r a s t ,  o u r  e f f o r t s  
a r e  d i r e c t e d  toward ve ry  s p e c i f i c  a s p e c t s  of t h e  v a r i o u s  s t a n d a r d s  des igned  
f o r  s a t e l l i t e  use. S a t e l l i t e  s t a n d a r d s  must a a t i s f  y s t r i n g e n t  r equ i rements  
no t  normal ly  a p p l i e d  t o  s t a n d a r d s  des igned  f o r  commercial use  o r  even e a r t h -  
based m i l i t a r y  a p p l i c a t i o n s .  Foremost among t h e s e  s p e c i a l  r equ i rements  is 
extreme r e l i a b i l i t y  and l o n g e v i t y .  A d d i t i o n a l l y ,  h igh performance must be 
o b t a i n e d  w i t h i n  t h e  c o n s t r a i n t s  of l i m i t e d  s i z e ,  w e i g h t ,  and power conaump- 
t i o n .  With t h e s e  s p e c i a l i z e d  r e q u i r e m e n t s  i n  mind, v a r i o u s  a r e a s  of  i n v e s t i -  
g a t i o n  a r e  s e l e c t e d .  The main a r e a s  of e x p e r t i s e  of  t h e  r e s e a r c h  s t a f f  a r e  
phys ics  and c h e m i s t r y ,  When performing s t u d i e s ,  heavy empha,sis i a  p laced  on 
u n d e r s t a n d i n g  t h e  u n d e r l y i n g  c h e m i s t r y  and p h y s i c s  a s s o c i a t e d  w i t h  t h e  a r e a  of 
i n v e s t i g a t i o n .  I n  our  e x p e r i e n c e ,  i n i t i a l l y  deve lop ing  t h i s  fundamental  
u n d e r s t a n d i n g  r e s u l t s  i n  t h e  h i g h e s t  l o n g  term p r o d u c t i v i t y .  As w i l l  be 
a p p a r e n t  i n  t h e  d e t a i l e d  d i s c u s s i o n s  of c u r r e n t  i n v e s t i g a t i o n s  t h i s  ph i losophy  
is a p p l i e d  t o  v i r t u a l l y  a l l  a r e a s  of s t u d y .  

To i n t r o d u c e  t h e  CPL Atomic Clocks  Program, t o p i c s  c u r r e n t l y  under i n v e s -  
t i g a t i o n  are shown on F i g .  1 .  These t o p i c s  a r e  broken down by t h e  s p e c i f i c  
f r equency  s t a n d a r d  t h e y  a f f e c t  most d i r e c t l y  as well a s  i n d i c a t i n g  whether 
t h e y  p r i m a r i l y  impact t h e  s t a n d a r d ' s  r e l i a b i l i t y  o r  performance c a p a b i l i -  
t ies. C u r r e n t l y ,  Globa l  P o s i t i o n i n g  System (GPS)/NAVSTAR s a t e l l i t e s  use  bo th  
C s  and Rb s t a n d a r d s  whi le  advanced communication sys tems  w i l l  u t i l i z e  Rb 
s t a n d a r d s .  Consequen t ly ,  i n  o u r  program heavy emphasis is p l a c e d  on improving 
t h e  r e 1  i a b i l i  t y  of  t h e s e  d e v i c e s  and u n d e r s t a n d i n g  t h e  p h y s i c a l  p r o c e s s e s  
which l i m i t  t h e i r  u l t i m a t e  f requency  s t a b i l i t i e s .  A s i g n i f i c a n t  amount of 
e f f o r t  has  been expended d e v e l o p i n g  a t h e o r e t i c a l  model of Rb c l o c k  perform- 
ance .  The model y i e l d s  t h e  f requency  s t a b i l i t y  of t h e  s t a n d a r d  as a  f u n c t i o n  
o f  t h e  phys ics  package geometry and e a s i l y  measured pa ramete r s .  An unde3ir -  
a b l e  t r a i t  of t h e  Rb s t a n d a r d  is t h e  c h a r a c t e r i s t i c  d r i f t  of o u t p u t  
f r equency .  One goa l  of our  Rb s t a n d a r d  s t u d i e s  is t o  unders tand  t h e  o r i g i n  of 
f r equency  d r i f t  and r e d u c e  i ts magnitude.  S i n c e  o p t i c a l  pumping is t h e  pro- 
c e s s  which a l l o w s  e f f e c t i v e  d e t e c t i o n  of  t h e  Rb h y p e r f i n e  resonance  f requency  
we a r e  i n v e s t i g a t i n g  t h e  p h y s i c a l  procefwes which l i m i t  i ts e f f i c i e n c y  and 
hence f requency  s t a n d a r d  s h o r t  term s t a b i l  i t y .  



S t u d i e s  a s s o c i a t e d  w i t h  t h e  C s  s t a n d a r d  c e n t e r  on improving t h e  r e l i -  
a b i l i t y  of compact,  s a t e l l i t e  compat ib le  d e s i g n s .  G r a p h i t e  is t y p i c a l l y  
employed t o  remove s p e n t  C s  w i t h i n  beam t u b e s .  S a t u r a t i o n  of t h i s  g e t t e r  
m a t e r i a l  can r e s u l t  i n  s t a n d a r d  f a i l u r e .  We a r e  d e t e r m i n i n g  minimum amounts 
of g r a p h i t e  needed t o  a b s o r b  s p e c i f i c  amounts of C s  as  w e l l  a3 t h e  optimum 
t y p e  of g r a p h i t e  and p r o c e s s i n g  p rocedure .  A d d i t i o n a l l y ,  t h e  cauaes of e l e c -  
t r o n  m u l t i p l i e r  g a i n  decay ,  a commonly obse rved  p rocess  i n  C s  beam t u b e s ,  a r e  
b e i n g  i n v e s t i g a t e d .  A f i n a l  a r e a  of i n v e s t i g a t i o n  d e a l s  w i t h  t h e  p e r f  ormance 
of the C s  oven.  E f f i c i e n t  use  of C s  is p a r t i c u l a r l y  impor tan t  i n  e n s u r i n g  
a d e q u a t e  s t a n d a r d  l i f e t i m e .  Techniques have been developed t o  c h a r a c t e r i z e  
t h e  performance of t h e s e  ovens i n  t e rms  of t h e  a n g u l a r  d i s t r i b u t i o n s  of Cs 
atoms e m i t t e d  from them. 

Hydrogen masers  a r e  b e i n g  c o n s i d e r e d  f o r  u s e  on f u t u r e  GPS s a t e l l i t e s .  
Two a r e a s  of i n v e s t i g a t i o n  a r e  d i r e c t e d  toward improving H-maser performance:  
mot iona l  na r rowing ,  which is t h e  p rocess  t h a t  y i e l d 3  t h e  ex t remely  narrow 
H-atom hyper f  i n e  r e s o n a n c e  obse rved  i n  t h e  maser ,  and hydrogen d i s s o c i  a t o r  
performance which v u p p l i e s  t h e  a tomic  H r e q u i r e d  by t h e  maser .  I n  t h e  a r e a  of 
m o t i o n a l  na r rowing ,  exper iments  have been i n i t i a t e d  t o  conf i rm t h e  accuracy  of 
a new t h e o r e t i c a l  t e c h n i q u e  f o r  computing t h e s e  1 ineshape.s .  With r e g a r d  t o  
d i s s o c i a t o r  performance,  i t  shou ld  be a p p r e c i a t e d  t h a t  o n l y  a smal l  f r a c t i o n  
o f  t h e  e m i t t e d  atoms have u s e f u l  v e l o c i t i e s  and t h a t  ve ry  l i t t l e  i n f o r m a t i o n  
c o n c e r n i n g  t h e  v e l o c i t y  d i s t r i b u t i o n s  is a v a i l a b l e .  We have completed con- 
s t r u c t i o n  of an a p p a r a t u s  c a p a b l e  of a n a l y z i n g  t h e  performance of v a r i o u s  
d i s s o c i a t o r  d e s i g n s  i n  t e rms  of o v e r a l l  e f f i c i e n c y  and t h e  v e l o c i t y  d i s t r i b u -  
t i o n s  of t h e  emerging H-atoms. Our u l t i m a t e  o b j e c t i v e  is t o  i n c r e a s e  t h e  
u s a b l e  f r a c t i o n  of atoms l e a v i n g  t h e  H - d i s s o c i a t o r ,  r e d u c i n g  both  t h e  amount 
of H r e q u i r e d  d u r i n g  t h e  s t a n d a r d ' s  l i f ' e t ime  and t h e  t o t a l  H pumping capac- 
i t y .  At ta inment  of our  o b j e c t i v e  w i l l  l e a d  t o  a more r e l i a b l e  s p a c e  s t a n d a r d .  

The body of  t h e  paper w i l l  d i s c u s s  i n  g r e a t e r  d e t a i l  t h e  p r o j e c t s  cu r -  
r e n t l y  i n  p r o g r e s s  i n  The Aerospace C o r p o r a t i o n ' s  CPL.  Emphasis w i l l  be 
p laced  on i n d i c a t i n g  t h e  r e l e v a n c e  of each p r o j e c t  t o  t h e  s t a t e d  o b j e c t i v e s  a s  
w e l l  a s  p r o v i d i n g  summaries of o u r  mo3t r e c e n t  r e s u l t s .  I t  is hoped t h a t  t h e  
f o l l o w i n g  summaries w i l l  f u r t h e r  inform t h e  t i m e  and f requency  community of 
t h e  c a p a b i l i t i e s  of t h e  Aerospace ' s  CPL and promote t h e  e f f i c i e n t  exchange of 
i n f o r m a t i o n  between our  l a b o r a t o r y  and bo th  government and commercial o rgan i -  
z a t i o n s .  

11. DESCRIPTION OF A R E A S  OF INVESTIGATION 

A. S t u d i e s  R e l a t e d  t o  t h e  Rubidium S t a n d a r d  

1 . The Aero3pace Rubidium Clock Performance Model 

Over t h e  p a s t  s e v e r a l  y e a r s  we have main ta ined  a c o n c e n t r a t e d  e f ' f o r t  
deve lop ing  and e x p l o i t i n g  a non-empir ica l  model of t h e  gas  c e l l  a tomic  f r e -  
quency s t a n d a r d ;  s p e c i f i c a l l y  a model t h a t :  1 )  is r e a s o n a b l y  a c c u r a t e  i n  
p r e d i c t i n g  c l o c k  performance as s p e c i f i e d  by t h e  Al lan  v a r i a n c e ,  2 )  is v a l i d  
f o r  bo th  s h o r t  and l o n g  a v e r a g i n g  t i m e s ,  3 )  is g e n e r a l  enough s o  a s  t o  a p p l y  
t o  gas cel l  s t a n d a r d s  based on a l k a l i e s  o t h e r  t h a n  Rb e . g .  C s ,  and 4 )  does  not  



r e q u i r e  any measurements of c l o c k  a i g n a l  c h a r a c t e r i s t i c s .  C o n s i s t e n t  w i t h  our 
approach  t o  r e s e a r c h ,  b e f o r e  even a t t e m p t i n g  t o  deve lop  a c l o c k  model,  our  
i n i t i a l  work was aimed a t  u n d e r s t a n d i n g  t h e  0-0 h y p e r f i n e  t r a n s i t i o n  l i n e s h a p e  
i n  o p t i c a l l y  pumped a l k a l i  m e t a l  vapors .  These  i n i t i a l  s t u d i e s ,  a n a l y z i n g  t h e  
b a s i c  p h y s i c s  o c c u r r i n g  w i t h i n  t h e  c l o c k ,  showed t h a t  t h e  t h e o r  T Of the R b  hyperf  i n e  t ran ,s i  t i o n  l i n e s h a p e  as o r i g i n a l l y  developed by Vanier  was q u i t e  
a c c u r a t e  i n  its p r e d i c t i o n s ,  and t h a t  i t  cou ld  a l s o  be g e n e r a l i z e d  t o  a l k a l i  
atoms w i t h  a r b i t r a r y  h a l f - i n t e g e r  n u c l e a r  s p i n . 2  The r e s u l t i n g  "Genera l i zed  
Vanier  Theoryw h a s  t h u s  formed t h e  b a s i s  of our  non-empir ica l  c l o c k  model. We 
a n t i c i p a t e  t h a t  t h i s  c l o c k  model w i l l  f i n d  a p p l i c a t i o n  i n  t h e  a n a l y s i s  of 
d e s i g n  t r a d e o f f s  f o r  s p e c i f i c  a p p l i c a t i o n s ,  t h a t  i t  w i l l  be employed t o  d iag-  
nose  c l o c k  pa ramete r s  t h a t  l i m i t  performance,  and t h a t  is w i l l  a l s o  p rove  
u s e f u l  i n  s u g g e s t i n g  t h e  most p romis ing  avenues  f o r  f u t u r e  f requency  s t a n d a r d  
improvement. 

I n  b r i e f ,  o u r  model of t h e  gas c e l l  3 t a n d a r d  c o n s i d e r s  t h e  r e l e v a n t  
phya ics  as o c c u r r i n g  on two d i f f  w e n t  s c a l e s . 3  On t h e  mic roscop ic  s c a l e  t h e  
0-0 h y p e r f i n e  t r a n s i t i o n  l i n e s h a p e  is determined by t h e  G e n e r a l i z e d  Vanier 
Theory of a l k a l i  atom h y p e r f i n e  o p t i c a l  pumping. Among o t h e r  p a r a m e t e r s ,  t h i s  
t h e o r y  c o n s i d e r s  t h e  dependence of t h e  hyperf  i n e  l i n e s h a p e  on o p t i c a l  pumping 
l i g h t  i n t e n s i t y  and microwave Rabi f r equency .  However, because t h e  b u f f e r  g a s  
p r e s s u r e  i n  a t y p i c a l  g a s  c e l l  s t a n d a r d  e f f e c t i v e l y  f eezes t h e  atoms i n  p l a c e  
on t h e  t ime  s c a l e s  of  t h e  o r d e r  of a Rabi pe r iod , '  and because  t h e  a l k a l i  
vapor is not  n e c e s s a r i l y  o p t i c a l l y  t h i n ,  t h e s e  two pa ramete r s  vary  from atom 
t o  atom w i t h i n  t h e  vapor.  Fur the rmore ,  a s  a r e s u l t  of d i f f u s i o n  t o  t h e  reson-  
ance  c e l l ' s  w a l l s ,  where t h e  atoms immediate ly  d e p o l a r i z e  on impac t ,  t h e r e  is 
a  s p a t i a l  d i s t r i b u t i o n  of h y p e r f i n e  p o l a r i z a t i o n . 5  I n  some a e n a e  t h i s  s p a t i a l  
d i s t r i b u t i o n  of hyperf  i n e  p o l a r i z a t i o n  can be imagined as  b e i n g  s u p e r  imposed 
on t h e  mic roscop ic  p h y s i c s .  Thus ,  t h e r e  is a macroscopic  s c a l e  of  p h y s i c s  In  
t h e  problem which is r e l a t e d  t o  t h e  s p a t i a l  v a r i a t i o n s  of ( a )  t h e  o p t i c a l  
pumping l i g h t  i n t e n s i t y ,  ( b )  t h e  microwave Rabi f r e q u e n c y ,  and ( c )  t h e  hyper-  
f i n e  p o l a r i z a t i o n  as a r e s u l t  of d i f f u s i o n  t o  t h e  resonance  c e l l  w a l l s .  

I n  o r d e r  t o  t r e a t  t h i s  macroscopic  s c a l e  of  p h y s i c s  i n  a r e a s o n a b l y  
l u c i d  manner, t h e  problem is reduced t o  one dimension,  s o  t h a t  o n l y  t h e  l o n g i -  
t u d i n a l  v a r i a t i o n  of t h e  o p t i c a l  pumping l i g h t  i n t e n s i t y  and microwave f i e l d  
s t r e n g t h  is c o n s i d e r e d .  The microwave Rabi f r equency  a x i a l  d i s t r i b u t i o n  is 
determined by t h e  microwave c a v i t y  mode. The a x i a l  v a r i a t i o n  of t h e  o p t i c a l  
pumping l i g h t  i n t e n s i t y  is determined by computing a " g l o b a l "  o p t i c a l  pumping 
parameter .  I n  e s s e n c e  t h i s  g l o b a l  o p t i c a l  pumping parameter  de te rmines  t h e  
f r a c t i o n a l  p o p u l a t i o n  i n  t h e  o p t i c a l l y  a b s o r b i n g  h y p e r f i n e  m u l t i p l e t ,  and t h u s  
t h e  o p t i c a l  d e p t h  of  t h e  vapor a s  a  r e s u l t  of o p t i c a l  pumping. S i n c e  we 
assume t h a t  t h e  atoms a r e  e f f e c t i v e l y  f r o z e n  i n  p l a c e  a s  a r e s u l t  of the 
b u f f e r  g a s ,  t h e  f i r a t  order change i n  t r a n s m i t t e d  l i g h t  i n t e n s i t y  as a func- 
t i o n  o f  microwave Rabi f r e q u e n c y ,  f o r  a uniform s l i c e  o f  vapor of i n f i n i -  
tesimal t h i c k n e s s  d z ,  o n l y  depends on t h e  l o c a l  v a l u e s  of t h e  o p t i c a l  pumping 
l i g h t  i n t e n s i t y  and microwave Rabi f r equency .  I n  o r d e r  t o  i n c l u d e  t h e  e f f e c t s  
of d i f f u s i o n ,  t h i s  f irst  o r d e r  maeroacopic  s o l u t i o n  is t h e n  m u l t i p l i e d  by a n  
enve lope  f u n c t i o n  which d e a c r i  bes  t h e  a x i a l  d i s t r i b u t i o n  of  hyperf  i n e  p o l a r  i- 
z a t i o n  i n  an  o p t i c a l l y  t h i n  vapor.  Once t h e  c l o c k  s i g n a l  l i n e s h a p e  is c a l c u -  
l a t e d ,  i t  is a s t r a i g h t f o r w a r d  t a s k  t o  de te rmine  the c l o c k ' s  e r r o r  aignal, and 
hence its s t a b i l i t y  a s  s p e c i f i e d  by t h e  Al lan  v a r i a n c e .  



A t  t h i s  p o i n t  our a b i l i t y  t o  model t h e  performance of Rb c l o c k s  and 
gas c e l l  s t a n d a r d s  i n  g e n e r a l  is q u i t e  mature .  I n  a d d i t i o n  t o  t h e  c a l c u l a t i o n  
o f  s h o r t  term f requency  a t a b i l  i t y  j u s t  d i s c u s s e d ,  t e c h n i q u e s  have been 
developed t o  model l o n g  term f requency  s t a b i l i t y ,  T h i s  is accomplished by 
c o n s i d e r i n g  n o i s e  sources o t h e r  than lamp induced a h o t  n o i s e . 3  I t  is  our hope 
t h a t  t h e  c l o c k  model w i l l  e v e n t u a l l y  be o f  use  t o  Rb c l o c k  m a n u f a c t u r e r s  
a l l o w i n g  more r a p i d  a n a l y s i s  of p o t e n t i a l  performances of v a r i o u s  c l o c k  
d e s i g n s  . 

R e c e n t l y ,  we have employed our  model i n  e x p l o r a t i o n s  of two pr0mi.s- 
i n g  a r e a s  of  gas c e l l  f r equency  s t a n d a r d  improvement. I n  o u r  f i r s t  s e r i e s  o f  
c a l c u l a t i o n s  we c o n s i d e r e d  t h e  improvement i n  s h o r t  term performance t h a t  
cou ld  r e s u l t  Prom d i o d e  l a s e r  o p t i c a l  pumping.6 O u r  r e s u l t s  showed t h a t ,  
whereas  i n  p r e s e n t  gas  c e l l  s t a n d a r d s  s h o t  n o i s e  limits t h e  s h o r t  term s t a b i l -  
i ty ,7 i n  a d i o d e  l a s e r  pumped c l o c k  l a s e r  quantum n o i s e  would l i m i t  t h e  u l t i -  
mate f requency  s t a b i l i t y  t h a t  cou ld  be a t t a i n e d .  However, i f  one can reduce  
t h e  l a s e r  quantum n o i s e ,  f o r  example by u s i n g  an enhanced c a v i t y  Q d i o d e  
l a s e r ,  n e  cou ld  p o t e n t i a l l y  a c h i e v e  s h o r t  term s t a b i l i t i e s  approach ing  
6 x 10-lg/~. I n  o u r  second s e r i e s  of y l c u l n t i o n s  we c o n s i d e r e d  gas c e l l  
s t a n d a r d s  based on a l k a l i e s  o t h e r  than  Rb. I n  p a r t i c u l a r  we were i n t e r e s t e d  
i n  e x p l o r i n g  t h e  expec ted  s h o r t  term s t a b i l i t y  o a  C s  gas  c e l l  s t a n d a r d .  
S u r p r i s i n g l y ,  Our c a l c u l a t i o n a  i n d i c a t e d  t h a t  a  R$7 gas c e l l  s t a n d a r d  shows 
t h e  g r e a t e s t  p o t e n t i a l  f o r  s h o r t  term f requency  s t a b i l i t y ,  even though Cs has  
t h e  g r e a t e r  ground s t a t e  hyperf  i n e  s p l i t t i n g .  A d d i t i o n a l l y ,  t h e s e  c a l c u l a -  
t i o n s  i n d i c a t e d  t h e  importance  of microwave c a v i t y  geometry on t h e  s t a b i l i t y  
one can a t t a i n  w i t h  gas  c e l l  s t a n d a r d s .  With t h e  c o n c l u s i o n  of t h e s e  exp lo ra -  
t o r y  c a l c u l a t i o n s  i n t o  gas c e l l  s t a n d a r d  improvement, we have s h i f t e d  our  
a p p l i c a t i o n  of t h e  c l o c k  model i n t o  t h e  a r e a  o f  d i a g n o s i s .  S p e c i f i c a l l y ,  we 
a r e  a t t e m p t i n g  t o  unders tand  t h e  mechanism(s1 oP f requency  d r i f t  i n  t h e  Rb gas  
c e l l  s t a n d a r d .  

2. Frequency Drift i n  t h e  Rubidium S t a n d a r d  

Uncor rec ted  f requency  d r i f t  i n  t h e  Rb vapor a tomic  f requency  s t a n d -  
a r d  can be a  s i g n i f i c a n t  s o u r c e  of time e r r o r  f o r  sys tems  based on t h i s  s t a n d -  
a r d .  On GPS s a t e l l i t e s ,  Rb f requency  d r i f t  30 i m p a i r s  t h e  s t a n d a r d ' s  t ime- 
keeping a b i l i t y  t h a t  t h e  h e a v i e r  C s  s t a n d a r d s  a r e  now employed a s  t h e  p r i n c i -  
p a l  time keeping d e v i c e s .  The r e d u c t i o n  o r  e l i m i n a t i o n  of f r equency  d r i f t  
c o u l d  allow t h e  Rb s t a n d a r d  t o  p l a y  a  more a c t i v e  r o l e  i n  s a t e l l i t e  based 
t imekeep ing ,  w i t h  a p o t e n t i a l  r e d u c t i o n  i n  t o t a l  c l o c k  weight on t h e  s a t e l -  
l i t e .  U n f o r t u n a t e l y  a t  t h i n  p o i n t ,  n o t  o n l y  a r e  t h e  o r i g i n s  of t h i s  d r i f t  not  
well unders tood ,  bu t  its c h a r a c t e r i s t i c s  have not  been f u l l y  documented. I n  
C P L  t h e  o r i g i n s  of f r equency  d r i f t  i n  t h e  Rb s t a n d a r d  have r e c e n t l y  begun 
be ing  i n v e s t i g a t e d .  Our i n i t i a l  s t u d i e s  have approached t h e  s u b j e c t  a t  a ve ry  
fundamental  l e v e l .  As a  f i rs t  s t e p  i n  u n d e r s t a n d i n g  dr i f ' t  we reviewed t h e  
a v a i l a b l e  e x p e r i m e n t a l  d a t a  and a r r i v e d  a t  a c o n s i s t e n t  set; o f  g e n e r a l  Rb 
c l o c k  d r i f t  o h a r a c t e r i s t i c ~ ~ ~  1 )  on an i n d i v i d u a l  s t a n d a r d  t h e  s i g n  o f  t h e  
d r i f t  c o e f f i c i e n t  may be v a r i a b l e ;  2 )  t h e  magnitude and s i g n  of t h e  d r i f t  
c o e f f i c i e n t  a r e  t y p i c a l l y  o n l y  s t a b l e  over  a p e r i o d  of  rough ly  t h r e e  months,  
and 3 )  t h e  g e n e r a l  Rb c l o c k  d r i f t  c o e f f i c i e n t  is ( 5  + 2) x 10-12/ month. 
Using t h e s e  c h a r a c t e r i s t i c s ,  we t h e n  c o n s i d e r e d  e l e v e n  b a s i c  p h y s i c a l  meeh- 



anisms c a p a b l e  o f  induc ing  d r i f t ,  and fot  d t h a t  o n l y  f o u r  of t h e  mechanisms 
were c o n s i s t e n t  w i t h  t h e  c h a r a c t e r i z a t i o n ?  1 )  a temperature- induced p r e s s u r e  
s h i f t  mechanisms, 2 )  a  q u a d r a t i c  Zeeman s h i f t  mechanisms, 3) a  spect rum depen- 
d e n t  l i g h t  s h i f t  mechanisms, and 4 )  a p o s i t i o n  s h i f t  mechanism. We now p l a n  
t o  a n a l y z e  t h e s e  f o u r  p l a u s i b l e  mechanisms of d r i f t  i n  much more d e t a i l  u s i n g  
a modif ied  v e r s i o n  of our  c l o c k  model. T h i s  model w i l l  d i f fe r  from t h e  one 
employed p r e v i o u s l y  i n  t h a t  i t  w i l l  be a t h r e e  d imensional  model of t h e  c l o c k ,  
and w i l l  i n c o r p o r a t e  v a r i o  9 inhomogeneous f requency  s h i f t  phenomena 
t h e  poni t i o n  s h i r t  e f f e c t 1 '  and t h e  inhomogeneous l i g h t  s h i f t  e f r e c t  l l f r ? ; :  
I t  is a n t i c i p a t e d  t h a t  a p p l i c a t i o n  of t h i s  model w i l l  s h e d  l i g h t  on t h e  mech- 
a n i s m ( ~ )  o f  d r i f t  i n  t h e  Rb g a s  c e l l  a tomic  f r e q u e n c y  s t a n d a r d .  

3. O p t i c a l  Pumping o f  Zeeman Leve l  P o p u l a t i o n s  

A s  i n  well known o p t i c a l  pumping is a process  by which nonthermal  
e q u i l i b r i u m  p o p u l a t i o n  d i s t r i b u t i o n s  among a tomic  energy  l e v e l s  (and sub- 

a r e  o b t a i n e d  by t h e  i n t e r a c t i o n  of l i g h t  w i t h  an  ensemble o f  
1eve1s13 atoms, I n  t h e  Rb vapor Frequency s t a n d a r d  t h i s  p r o c e s s  used t o  g e n e r a t e  
h y p e r f i n e  p o l a r i z a t i o n  i n  t h e  a tomic  ground s t a t e  u s i n g  i s o t o p i c a l l y  f i l t e r e d  
l i g h t .  S i n c e  a n l y  a  smal l  f r a c t i o n  of t h e  atoms t h u s  o p t i c a l l y  pumped ( o n l y  
atoms i n  t h e  m -0 Zeeman s u b l e v e l  of each hyperf  i n e  l e v e l )  a r e  u t i l i z e d  f o r  

F : g e n e r a t i n g  t h e  microwave c l o c k  s i g n a l ,  t h e  atoms i n  t h e  mFfO Zeeman s u b l e v e l s  
a r e  e s s e n t i a l l y  "wasted".  Thus,  a  c l o c k  i n  which n e a r l y  - a l l  of t h e  atoms a r e  
pumped i n t o  one o f  t h e  two mF=O s u b l e v e l s  would e x h i b i t  a  g r e a t e r  s i g n a l - t o -  
n o i s e  r a t i o  and hence improved performance ( s e e  F i g .  2 ) .  

T h i s ,  however, is a n o n - t r i v i a l  problem, and i n  o r d e r  t o  accompl i sh  t h i s  
w e  need t o  a d d r e s s  s e v e r a l  i s s u e s  of  b a s i c  importance .  1 4  

a )  The dependence of t h e  Zeeman s u b l e v e l  p o p u l a t i o n  d i s t r i b u t i o n  on t h e  
c h a r a c t e r i s t i c s  of t h e  pumping r a d i a t i o n  (e .g . ,  f r equency  and p o l a r i z a t i o n )  
and t h e  r o l e  of t h e  e x c i t e d  s t a t e  i n  d e t e r m i n i n g  t h e  ground s t a t e  d i s t r i b u -  
t i o n .  

b )  The r o l e  of  r e l a x a t i o n  p r o c e s s e s  which t e n d  t o  r e s t o r e  t h e r m a l  
e q u i l i b r i u m  i n  t h e  ensemble. I n  p a r t i c u l a r  t h e  e P f e c t  of s p i n  exchange c o l l i -  
s i o n s  on the  p o p u l a t i o n  d i s t r i b u t i o n  needs c a r e f u l  examina t ion .  

c )  Dynamic t r a n s f o r m a t i o n s  of p o p u l a t i o n  d i s t r i b u t i o n s  u s i n g  combina- 
t i o n s  of microwave and r a d i o  f r e q u e n c y  f i e l d s .  

I n  b r i e f ,  our  g o a l  is t o  cus tomize  t h e  ground s t a t e  p o p u l a t i o n  d i s t r i b u t i o n  
among the  Zeaman s u b l e v e l s  a l l o w i n g  development of g a s  c e l l  s t a n d a r d s  w i t h  
improved f requency  s t a b i l i t i e s .  Consequen t ly ,  we have s t a r t e d  a comprehensive 
program t o  s t u d y  t h e s e  and r e l a t e d  i s s u e s .  S p e c i f i c a l l y ,  we have developed 
t h e  n e c e s s a r y  e x p e r i m e n t a l  t e c h n i q u e  t o  c h a r a c t e r i z e  t h e  a tomic  p o p u l a t i o n  
d i s t r i b u t i o n  among t h e  ground ..itate Zeeman s u b l e v e l s  f o r  d i f f e r e n t  o p t i c a l  
pumping c o n d i t i o n s .  

The s c h e m a t i c  of t h e  o p t i c a l  pumping a p p a r a t u s  is shown i n  F i g .  3. 
A s m a l l  s p h e r i c a l  g l a s s  c e l l  c o n t a i n i n g  a mixture of Rb vapor and d i P f e r e n t  



b u f f e r  gases  (N2 and H e )  is p laced  a t  t h e  c e n t e r  of a p a i r  of Helmhol tz  
c o i l s .  C i r c u l a r l y  p o l a r i z e d  Dl l i g h t  (794.7 n m )  is used t o  o p t i c a l l y  pump t h e  
Rb vapor .  I n  t h i s  c o n f i g u r a t i o n ,  t h e  o p t i c a l  pumping p rocess  is used t o  s p i n  
p o l a r i z e  t h e  Rb vapor.  Due t o  t h e  s t r o n g  h y p e r f i n e  c o u p l i n g  a s i g n i f i c a n t  
e l e c t r o n i c  and n u c l e a r  p o l a r i z a t i o n  of  t h e  Rb vapor is ach ieved .  Th i s  r e s u l t s  
i n  an unequal p o p u l a t i o n  d i s t r i b u t i o n  among t h e  Zeeman s u b l e v e l s  of each  
h y p e r f i n e  l e v e l .  The d e t a i l s  of t h e  p o p u l a t i o n  d i s t r i b u t i o n  a r e  determined by 
v a r i o u s  r a t e s :  o p t i c a l  pumping, s p i n  exchange and s p i n  r e l a x a t i o n .  A r a d i o  
f requency  magne t i c  f i e l d  o s c i l l a t i n g  a t  r i g h t  a n g l e s  t o  t h e  s t a t i c  f i e l d  is 
used t o  induce  Am = + 1 t r a n s i t i o n s  between t h e  Zeeman s u b l e v e l s  of each  
ground a t a t e  hyper?ine  l e v e l .  Radio f requency  resonance  is d e t e c t e d  as  t h e  
change i n  i n t e n s i t y  of t h e  t r a n s m i t t e d  l i g h t  r e a c h i n g  t h e  p h o t o d e t e c t o r .  A t  
s u f f i c i e n t l y  h igh  D . C .  magne t i c  f i e l d s  ( >  15 g a u s s )  a l l  t h e  i n d i v i d u a l  Zeeman 
t r a n s i t i o n s  a r e  w e l l  r e s o l v e d .  The f requency  of t h e  rf magnet ic  f i e l d  is 
f i x e d  w h i l e  t h e  D . C .  magne t i c  f i e l d  is s l o w l y  warmed. The energy  s p l i t t i n g  
between t h e  Zeeman s u b l e v e l s  is g iven  by t h e  Brei t -Rabi  formula  i n  t h e  range  
of  i n t e r m e d i a t e  e x t e r n a l  magnet ic  f i e l d s  . 15 

Typica l  exper imenta l  r e s u l t s  of t h e  r a d i o  f r e q u e  cy  s p e c t r a  s c a n n i n g  
a l l  t h e  Zeeman t r a n s i t i o n s  a r e  shown i n  F ig .  4. For  Rbf5 which haa n u c l e  r 
s p i n  5/2, t h e  s i g n a l  c o n s i s t s  of t e n  w e l l  r e s o l v e d  t r a n s i t i o n s  whereas Rb !7 

( n o t  shown) which has  n u c l e a r  s p i n  3/2,  g i v e s  r i s e  t o  s i x  t r a n s i t i o n s .  For 
weak rf f i e l d s  ( w e l l  below s a t u l r a t i o n )  and o p t i c a l l y  t h i n  vapor c o n d i t i o n s  t h e  
s i g n a l  ampl i tude  is d i r e c t l y  p r o p o r t i o n a l  t o ,  

w i t h  n ( F ,  m F )  t h e  p o p u l a t i o n  of a  p a r t i c u l a r  Zeeman s u b l e v e l  s p e c i f i e d  by t h e  
quantum numbers F and mF. T h i s  is used t o  i n f e r  t h e  g e n e r a l  p o p u l a t i o n  d i s -  
t r i b u t i o n  among t h e  Zeeman l e v e l s .  For t h e  d a t a  shown h e r e ,  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  a r e  c h a r a c t e r i z e d  by t h e  r a t e s  oP s p i n  exchange between Rb atoms 
b e i n g  l a r g e r  t h a n  a l l  t h e  o t h e r  r e l e v a n t  r a t e s  i n  t h e  sys tem.  Th i s  c o r r e -  
sponds t o  a s i t u . a t i o n  i n  which t e  Zeeman p o p u l a t i o n  d i s t r i b u t i o n  is charac -  
t e r i z e d  by a s p i n  t empera tu re .  ' Q u a n t i t a t i v e l y ,  t h e  s t a t e  p o p u l a t i o n  is 
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given by ni = Ce , where ni is t h e  p o p u l a t i o n  of t h e  i t h  ground s t a t e  
s u b l e v e l  and fi is determined by t h e  t o t a l  p o l a r i z a t i o n  of  t h e  sample .  

I n  t h e s e  i n i t i a l  i n v e s t i g a t i o n s  we have c l e a r l y  demonstra ted  t h e  
e f ' f e c t i v e n e s s  of r a d i o  f requency  resonance  s p e c t r o s c o p y  f o r  s t u d y i n g  t h e  
r e l a t i v e  p o p u l a t i o n  d i s t , r i b u t i o n s  i n  o p t i c a l l y  pumped Rb vapors .  Experiments 
a r e  i n  p r o g r e s s  t o  s t u d y  t h e  r e l a t i v e  p o p u l a t i o n  d i s t r i b u t i o n  when t h e  vapor 
i s  o p t i c a l l y  pumped w i t h  3 t u n a b l e  l a s e r .  The u l t i m a t e  g o a l  of t h e s e  s t u d i e s ,  
of c o u r s e ,  is t h e  development of o p t i c a l  pumping t e c h n i q u e s  which w i l l  y i e l d  
l i g h t w e i g h t  gas  c e l l  s t a n d a r d s  d i s p l a y i n g  f requency  s t a b i l i t i e s  much b e t t e r  
than  a r e  c u r r e n t l y  a v a i l a b l e .  With t h e  adven t  of t u n a b l e  d i o d e  l a s e r s  a s  
s o u r c e s  of o p t i c a l  pumping r a d i a t i o n  t h i s  a p p e a r s  f e a s i b l e .  A l l  of t h e  
r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  w i l l  be a v a i l a b l e  t o  t h e  g e n e r a l  c l o c k  com- 
muni ty ,  i t  is our hope t h a t  t h e s e  s t u d i e s  w i l l  l a y  t h e  f o u n d a t i o n  f o r  t h e  
"next  g e n e r a t i o n M  of gas c e l l  s t a n d a r d s .  



4. Rubidium Discharge  Lamp R e l i a b i l i t y  

For t h e  p a s t  s e v e r a l  y e a r s  our  l a b o r a t o r y  h a s  been invo lved  i n  a 
v a r i e t y  of s t u d i e s  concern ing  t h e  lifetime and r e l i a b i l i t y  of t h e  d i s c h a r g e  
lamps t h a t  a r e  used i n  Rb f r e q u e n c y  s t a n d a r d s .  F a i l u r e  of  t h e s e  lamps was t h e  
major c a u s e  of f a i l u r e  o f  Rb s t a n d a r d s  on GPS s a t e l l i t e s .  Our e x p e r i m e n t a l  
i n v e s t i g a t i o n s  have e n a b l e d  us t o  develope a q u a n t i t a t i v e  model of lamp 
f a i l u r e  t h a t  can be used t o  p r e d i c t  t h e  l i f e t i m e  of newly manuractured d i s -  
cha rge  lamps. l 7  Th i s  model is d e r i v e d  from o w  a t t e m p t s  t o  form a b a s i c  
u n d e r s t a n d i n g  of t h e  p h y s i c a l  p r o c e s s e s  t h a t  impact lamp r e l i a b i l i t y .  The 
s u c c e s s  of t h i s  model has  a l lowed us t o  p rov ide  recommendation3 t o  lamp 
manufac tu re r8  concern ing  t h e  lamp g l a s s  composi t ion and t h e  i n i t i a l  Rb f i l l s  
t h a t  w i l l  i n s u r e  r e l i a b l e  lamp o p e r a t i o n  and hence Rb s t a n d a r d  o p e r a t i o n .  

The pr imary f a i l u r e  mechanism of t h e  lamps h a s  been shown t o  be 
caused  by t h e  d i f f u s i o n  of Rb i n t o  t h e  g l a s s  envelope.  T h i s  c o n c l u s i o n  was 
made after c o n d u c t i n g  a s t u d y  of t h e  r a t e  of  consumption of  f r e e  m e t a l l i c  Rb 
i n  a l a r g e  c o l l e c t i o n  of o p e r a t i n g  d i s c h a r g e  lamps.  The amount of Rb consumed 
was e x t r a c t e d  from measurements of t h e  mass of F r e e  Rb remain ing  i n  t h e  lamps 
a t  s e v e r a l  s t a g e s  d u r i n g  t h e i r  o p e r a t i n g  h i s t o r y .  T h i s  mass was o b t a i n e d  from 
c a l o r i m e t r i c  measurern~#tn of t h e  t h e r m a l  energy  t h a t  was r e q u i r e d  t o  melt t h e  
f r e e  Rb i n  t h e  lamp. The amount of Rb conslimed by t h e  lamps e x h i b i t e d  a 
dependence on lamp o p e r a t i n g  t ime  t t h a t  d i s p l a y e d  t h e  c h a r a c t e r i s t i c  t1 l2 
s i g n a t u r e  of  a d i f f u s i o n a l  l o s s  p r o c e s s .  A t y p i c a l  consumption curve  is shown 
i n  F i g .  5. 

Our consumption d a t a  h a s  been f i t t e d  t o  a modi f i ed  d i f f ' u s ion  model 
t h a t  i n c o r p o r a t e s  an  i n i t i a l  r e a c t i o n  l o s s  mechanism. The i n i t i a l  l o s s  13 
presumably due t o  t h e  g e t t e r i n g  a c t i o n  of  i m p u r i t i e s  t h a t  a r e  i n a d v e r t , e n t l y  
i n t r o d u c e d  by t h e  lamp manufac tu re r .  The form of t h e  consumption law pre- 
d i c t e d  by our  model is: 

w i t h  M R b ( t )  t h e  mass of  Rb consumed a s  a f u n c t i o n  of lamp o p e r a t i n g  t i m e .  R 
and B a r e  pa ramete r s  determined from e x p e r i m e n t a l  consumption d a t a .  The 
p r e d i c t i o n  of our model f o r  t h e  p a r t i c u l a r  lamp o f  F i g .  5 is  i n d i c a t e d  by t h e  
solid l i n e .  Similar  agreement was o b t a i n e d  f o r  t h e  remain ing  lamps i n  our  
s t u d y .  

The c a l o r i m e t r i c  t e c h n i q u e  of  Rb measurement,  f i rs t  demonstra ted  by 
t h e  Rb c l o c k  team o f  EG&Gf s E l e c t r o n  Devices  Group, t o g e t h e r  w i t h  t h e  funda- 
menta l  u n d e r s t a n d i n g  o f  Rb-glass i n t e r a c t i o n s  developed a t  Aerospace have 
s i g n i f i c a n t l y  improved t h e  r e l i a b i l i t , ~  o f  Rb s t a n d a r d s .  We b e l i e v e  t h a t  t h e s e  
t e c h n i q u e s  cou ld  be employed i n  c o n j u n c t i o n  w i t h  an  i n i t i a l ,  s h o r t - t e r m  mea- 
s w e m e n t  program t o  f u r t h e r  insure t h e  lifetime of newly manufactured lamps.  
T h i s  form of q u a l i t y  c o n t r o l  would p r e s e n t  an e f f e c t i v e  s c r e e n  a g a i n s t  pre- 
ma ture  lamp f a i l u r e s  due  t o  p r o d u c t i o n  anomal ies .  I n c r e a s e d  r e l i a b i l i t y  would 
r e s u l t  from t h e s e  e f f o r t s .  



B. S t u d i e s  R e l a t e d  t o  t h e  Cesium S t a n d a r d  

Cesium beam a tomic  f r e q u e n c y  s t a n d a r d s  a r e  used on board NAVSTAR/GPS 
s a t e l l i t e s  because  of t h e i r  exce l l en t .  f r equency  s t a b i l i t y  and v i r t u a l l y  non- 
e x i s t e n t  f r equency  d r i f t .  S t a b l e  o p e r a t i o n  of  GPS-type Cs beam c l o c k s  is 
ach ieved  by l o c k i n g  t h e  o u t p u t  of a vo l  t*age-con t ro l l ed  q u a r t z - c r y s t , a l  o s c i l -  
l a t o r  (VCXO) t o  t h e  C s  (F=3, M=O) * ( F = 4 ,  M=O)  h y p e r r i n e  t , r ans i t . ion  a t  f r e -  - 
quency f o  = 9.2 GHz. The C s  beam is i n t e r r ~ g a t ~ e l  by microwaves s y n t h e s i z e d  
from t h e  VCXO and f requency  ( o r  phase )  modulated a t  a f requency  f which is a 
s i g n i r i c a n t  f r a c t , i o n  of t h e  a tomic  t , r a n s i t , i o n  l i n e w i d t h .  If t h e  microwave 
mean f r e q u e n c y  d e v i a t e s  from f o ,  t h e  at,omic beam becomes amplitude-modulated 
a t  t h e  f r e q u e n c y  f .  The beam component a t  t h e  modula t ion  f requency  f is 
d e t e c t e d  s y n c h r o n o u ~ l y  w i t h  tohe modula t ion  t o  p rov ide  t h e  e r r o r  s i g n a l  f o r  
e l e c t , r o n i c  s e r v o  l o o p  t h a t  l o c k s  t h e  VCXO t.0 t h e  at.omic t r a n s i t i o n .  I n  GPS- 
t y p e  C s  beam t.ubes (CBTs) t h e  at-oms a r e  s t a t e - s e l e c t e d  p r i o r  t o ,  and s t a t e -  
ana lyzed  after microwave i n t e r r o g a t i o n  by inhomogeneous f i e l d   magnet,^; t h e y  
a r e  detect ,ed  by s u r f a c e  i o n i z a t i o n  on a hot  w i r e  fo l lowed  by a m p l i f i c a t , i o n  i n  
an e l e c t r o n  m ~ l t ~ i p l i e r  (EM).  

1 .  PerPormance R e l a t e d  Areas of A n a l y s i s  

A wide r a n g e  of p h y s i c a l  p r o c e s s e s  impact t h e  f requency  s t a b i l i t y  of' 
t h e  Cs s t ,andard .  I n  our a n a l y s i s  of t h i s  d e v i c e  we have i n v e s t i g a t , e d  s e v e r a l  
p r o c e s s e s  which de te rmine  how e f f e c t i v e l y  synchronous  d e t e c k i o n  can ext .ract .  
i n f o r m a t i o n  from t h e  ampl i tude  modulated C s  a tomic  beam l e a v i n g  t h e  microwave 
i n t e r r o g a t i o n  r e g i o n .  E v e n t u a l l y ,  t h e s e  inves t , iga t , ions  w i l l  form one  s e c t i o n  
of  a  d e t a i l e d  model of C s  c l o c k  performance s i m i l a r  t ro  t.hat developed f o r  t h e  
Rb s t a n d a r d .  We have s t u d i e d  t h e  impact of t h e  s t a t , i s t , i c a l  s p r e a d  i n  a tomic  
t r a n s i t  times and i o n i c  r e s i d e n c e  t i m e s  on t h e  c l o c k ' s  performance,  The 
d i s t r i b u t i o n  of i o n i c  r e s i d e n c e  t.imes on t h e  ho t  w i r e  is e ~ p o n e n t ~ i a l ,  charac-  
t e r i z e d  by a  temperature-dependen i o n i c  dwel l  t ime  T, which i 3  given f o r  Cs 
i o n s  on p o l y c r y s t a l l i n e  tungsten1' i n  F i g .  6. As a r e s u l t  of t h i s ,  t h e  hot, 
w i r e  i o n i z e r  behaves i n  t h e  f requency  domain as a low-pass f i l t e r  of  cut,-off 
f r equency  f I  = 1 /2ar,  t h u s  s e t t . i n g  an upper bound t o  t h e  c l o c k ' s  modula t ion  
f requency .  S i n c e  r d e c r e a s e s  w i t h  t -emperature ,  r u n n i n g  t h e  i o n i z e r  wire 
h o t t e r  a l l o w s  h i g h e r  modula t ion f r e q u e n c i e s .  The e f f e c t  of t h e  d i s t r i b u t i o n  
of i o n i c  r e s i d e n c e  times is t o  d i s t o r t  t h e  amplitude-modulated a tomic  beam 
wavef r m ,  as shown i n  F i g .  7 f o r  t h e  c a s e  of f approx imate ly  500 Hz and T = 3 -3 x 10 . An a d d i t i o n a l  s o u r c e  of waveform d i s t o r t i o n  is t-he s p r e a d  i n  a tomic  
v e l o c i t i e , s  l e a d i n g  t o  a  d i s t r i b u t i o n  of t r a n s i t .  t imes  between t h e  p o i n t  of 
modula t ion and t h e  d e t e c t o r .  F i g .  8 shows t h e  r e s u l t s  f o r  a  gausa ian  v e l o c i t y  
d i s t r i b u t i o n  w i t h  a mean v e l ~ c i t ~ y  7 of approx imate ly  120 m / s  and s t a n d a r d  - 
d e v i a t i o n  u 10 m / s ;  t h e  mean t r a n s i t  t ime  is tA 1 . 4  x s e c  and P = 
500 Hz. I n  GPS-type CBTa t h e  s k a t e  s e l e c t i n g  and a n a l y z i n g  magnets t , ransmit  a 
narrow s l ice  of t h e  Maxwellian v e l o c i t y  d i ~ t r i b u t ~ i n n  c h a r a c t e r i s t i c  of t h e  Cs 
atoms i n  t h e  e f f u s s i v e  beam. I n c r e a s i n g  t h e  w i d t h  of t h e  v e l o c i t y  d i s t r i b u -  
t i o n  w i l l  on t h e  one hand i n c r e a s e  t h e  beam i n k e n s i t y ,  and t h u s  t h e  c l o c k i s  
s i g n a l - t o - n o i s e  r a t i o ,  and on t h e  o t h e r  hand w i l l  i n c r e a s e  t h e  waveform d i s -  
t o r t i o n ,  and t h u s  r e d u c e  t h e  c l o c k ' s  s i g n a l - t o - n o i s e  r a t i o .  Fig .  9 shows t,he 
combined r e s u l t s  of t h e s e  competing p rocesses :  i t  g i v e s  t h e  s i g n a l - t o - n o i s e  
r a t i o  vs .  t h e  wid th  ( e x p r e s s e d  as a s t a n d a r d  d e v i a t i o n )  of a g a u s s i a n  v e l o c i t y  
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distribution of  mean 7 - 120 .Is. Again,  t = 1.4  x 1 0 - ~ s e c  r = 3 X I O - ~  s A and f 500 Hz. I t  can be s e e n  t h a t  i n  t ;h i s  c a s e  t h e r e  is an o p t i m a l  w i d t h ,  
1 8  m / s .  

2. E l e c t r o n  M u l t i p l i e r  Gain Decay P r o c e s s e s  

Cesium beam t u b e s  on board  NAVSTAR/GPS s a t - e l l i t e s  have d i s p l a y e d  
pronounced r e d u c t i o n s  i n  EM o u t p u t  c u r r e n t  w i t h  o p e r a t i n g  time, which cou ld  
a f f e c t  t h e  f requency  s t . a b i l i t , y  of tohe c l o c k  and t h w  t h e  s y s t e m ' s  perform- 
ance .  A l i k e l y  c a u s e  o f  t h i s  r educ t - ion  is EM g a i n  d e g r a d a t i o n .  Can.sequently 
we a r e  inves t , iga t . ing  EM g a i n  decay pr0cesse.s. Three  p o s s i b l e  modes of g a i n  
degrada t# ion  a r e :  

a )  g a i n  loss  at, t h e  f i rs t  dynode, due t o  s u r f a c e  changes caused by 
Cs i o n  impact o r  h i g h  Cs concent.rat . ion;  

b )  s u r f a c e  de t . e r io ra t , ion  due t o  e l e c t r o n  impac t ,  which would a P f e c t  
most s e r i o u s l y  t,he l a s t  dynode g a i n ,  and 

c )  uniform g a i n  d e g r a d a t i o n  of  all dynode s u r f a c e s ,  due t o  s low 
s u r f a c e  contaminat . ion.  

A two-pronged st ,udy of k h i s  problem is i n  p rogress :  trhe impact of 
EM g a i n  d e g r a d a t i o n  on t,he c l o c k ' s  f r equency  s t a b i l i k y  and i t s  s e n ~ i t ~ i v i t y  t o  
t h e  s i t e  of degradakion has  been inves t , iga t , ed  t . h e o r e t i c a l l y .  We a l s o  a re  
conduct, ing an e x p e r i m e n t a l  s t u d y  of t,he long-term behavior  o f  EM g a i n  when it, 
is wed t o  d e t r e c t  C8 i o n s  i n  condi t , ions  s i m i l a r  t o  t.hose i n  o p e r a t i n g  C B T s ,  i n  
o r d e r  t o  i d e n t i f y  t h e  sf t e  w i t h i n  tohe m u l t , i p l i e r  o f  any observed g a i n  degrada- 
t i o n .  The t h e o r e k i c a l  s t u d i e s  show t ,hat  g a i n  d e g r a d a t i o n  w i l l  have r e l a t i v e l y  
low impact on t,he c l o c k ' s  f r equency  s t a b i l i t y  when l o c a l i z e d  i n  t h e  l a s t  
dynode o r  un i fo rmly  cl ist . r ibut ,ed among a l l  dynodes.  Its impact w i l l  be worst. 
when d e g r a d a t i o n  is l o c a l i z e d  a t  tohe f i r s t  dynode. I n  t-he Lat.ter c a s e  t,he 
w h i t e  n o i 3 e  Al lan  v a r i a n c e  amplitrude w i l l  i n c r e a s e  a s  t h e  s q u a r e  r o o t  of t.he 
beam decay f a c t o r .  O u r  e x p e r i m e n t a l  t.es k ing  t e c h n i q u e  c o n s i a  t0s of bombarding 
t h e  f i r s t  dynode of an e i g h t  dynode GPS-type EM wit.h a C s  i o n  beam of s i m i l a r  
c h a r a c t , e r i s t i c s  t o  t h e  one i n  GPS CBTs. Output. l e a d s  a r e  p rov ided  f o r  t.he 
f i r s t . ,  s econd ,  s e v e n t h  and e ighkh  dynodes ,  a s  we l l  a s  t h e  anode,  If I i  is t h e  
c u r r e n t  c o l l e c t e d  by t h e  i - t h  dynode and I is t h e  anode c u r r e n t ,  6 = 

I i r l  / I i  g i v e s  t,he g a i n  of  t h e  i - t ,h  dynode,  "vile t,he o v e r a l l  g a i n  is d = 

Ig/ I I .  I n  t h i s  way t h e  g a i n  of t h e  f i r s t  and las t  dynodes ,  a s  well as t,he 
o v e r a l l  g a i n ,  can be moni t a r e d .  F ig .  10 showa s c h e m a t i c a l l y  o u r  exper imenta l  
s e t u p ,  c o n s i s t i n g  of a c o n v e n t i o n a l  e f f u s i v e  Cs oven and g r a p h i t e  c o l l i m a t o r ,  
a hot,-wire s u r f a c e  i o n i z e r  and e i n z e l  l e n s  t,o ex t . r ac t  and p r o j e c t  t h e  i o n  beam 
o n t o  t h e  f i r s t  dynode of t h e  EM under test.. Graphit.@ b locks  a r e  added at. 
v a r i o u s  pos i t , ions  tro get#t.er t,he C s  vapor ,  and a second hot-wire  i o n i z e r  and 
i o n  c o l l e c t o r  moni to r  t h e  background C s  vapor p r e s s u r e .  An EM has  been moni- 
tored f o r  abou t  300 d a y s ,  and o w   result.^, some of  which a r e  shown i n  F i g .  11,  
i n d i c a t e  t h a t  tohe f i r s t  dynode g a i n  has  no t  changed s i g n i f i c a n t - l y  e x c e p t  f o r  
t h e  f i r s t  few days of o p e r a t i o n ,  and t h a t  t.he l a s t  dynode accoun t s  f o r  most af 
t h e  o v e r a l l  g a i n  d e g r a d a t i o n .  These r e s u l t s  shou ld  be taken llcum grano  
sa l i . s t l  , s i n c e  tohe m u l t i p l i e r  was exposed tqo a i r  f o r  an unknown l e n g t h  of trime 



w h i l e  i n  t r a n s i t  t o  The Aerospace C o r p o r a t i o n .  We a r e  c u r r e n t l y  t e s t i n g  a  
second a p p a r a t u s  which w i l l  a l l o w  L? t o  moni tor  up t o  f o u r  EMS s i m u l t a n e o u s l y .  

3. Cesium G e t t e r i n g  by Graphit ,@ 

I n  C s  beam t u b e  c l o c k s  o n l y  a s m a l l  f r a c t i o n  of t h e  C s  atoms 
e f f u s i n g  from t ,he oven t - r a v e l  t h r o u g h  t h e  microwave cavi t ,y .  A l a r g e  f r a c b i o n  
of  t h e  e f f u s i n g  atom8 a r e  g e t t - e r e d  by s l i ts  and b a f f l e s  made of g r a p h i t e  
p laced  a t  v a r i o u s  l o c a t , i o n s  i n s i d e  t h e  c l o c k .  Should  t h e  g r a p h i t e  g e t t e r s  
c e a s e  a b s o r b i n g  C3, t,he i n c r e a s i n g  C s  background would r a p i d l y  o b s c u r e  t h e  
t r u e  s i g n a l  needed t o  o p e r a t e  t h e  s t a n d a r d .  G e t t e r  f a i l u r e  is t h e n  a  l i f e  
l i m i t s i n g  process i n  t h e  Cs c lock .  For the  c l o c k  too be r e l i a b l e  t h e  ge t - t - e r ing  
l i f e t i m e  shou ld  be a t  l e a s t  an l o n g  a s  t h e  r e q u i r e d  l i f e t , i m e s  of t h e  t,ubes. 
T h i s  is of ~ a r t ~ i c u l a r  concern  f o r  s t a n d a r d s  used on s a t e l l i t , e ~  which must have 
a t  l e a s t  7.5 y e a r  lifetimes. E s s e n t i a l l y  no i n f o r m a t v i m  concern ing  t h e  amount, 
or t h e  t y p e  of  g raph i t , e  needed t o  a b s o r b  t h e  o v e n ' s  C s  cha rge  is p r e s e n t l y  
a v a i l a b l e .  

We have been ~ t ~ u d y i n g  t h e  g e t t e r i n g  of CR by g r a p h i t e  through t h e  
measurement of t h e  s t . i c k i n g  c o e f f i c i e n t  o f  Cs on g r a p h i t e  r e l a t i v e  t o  a  
p a r a f f i n  c o a t e d  s u r f a c e  which is known t o  be p e r f e c t , l y  n o n s t i c k i n g .  20 The 
e x p e r i m e n t a l  t ,echnique is i l l u s t r a t e d  i n  F ig .  12.  A well c o l l i m a t e d  beam of 
C s  atoms is d i r e c t e d  t.owards a  g raph i t*e  t,arget..  The r e f l e c t , e d  beam a t  a 
p a r t i c u l a r  a n g l e  0 is measured u s i n g  a ho t -wi re  s u r f a c e  i o n i z e r  det.ect.or. The 
s t i c k i n g  c o e f f i c i e n t ,  Y is def'ined a s ,  21 

r e f l e c t e d  s i g n a l  from g r a p h i t e  a t  e 0 r ( 0 )  = I -  
0 

( 2 )  
r e f l e c t e d  s i g n a l  Prom p a r a f f i n  a t  0 

We s t u d y  t h e  e v o l u t i o n  of Y a s  a  func t , ion  of  C 3  exposure  t i m e  and f o r  v a r i o u s  
i n c i d e n t  C s  a tomic  beam i n t * e n s i t , i e s .  These exper iments  a r e  c a r r i e d  o u t  i n  an 

a p p a r a t u s  o p e r a t i n g  a t  t , y p i c a l  background p r e s s u r e s  l e s s  khan 1 x  

Typ ica l  experiment.al  r e s u l t s  a r e  shown i n  F i g .  13. The s t i c k i n g  
c o e f f i c i e n t  s t a r t . s  a t  e s s e n t i a l l y  u n i t y ,  and d e c l i n e s  wi th  t i m e ,  t,he r a t e  of 
d e c l i n e  and tohe asympt,otic v a l u e s  a r e  both dependent, on t h e  incident .  beam 
i n t e n s i t i e s .  One of t h e  i n t . e r e s t , i n g  r e s u l t s  t o  emerge from o u r  syst.emat,ic 
st,iicIies is t h e  dependence of the  s k i c k i n g  c o e f f i c i e n t  on t,he vacutun p r o c e s s i n g  
of g r a p h i t e  p r i o r  t o  C s  exposure .  High t e m p e r a t u r e  baking of g r a p h i t e  i n  h igh 
vacuum is e s s e n t i a l  t.o good s t i c k i n g  coef'f i c i e n t s .  Anot,her in t ; e res t . ing  a s p e c t  
t o  emerge from o u r  s t u d i e s  is t h e  f a c t  t h a t  a f t e r  s e v e r a l  days of  exposure  t o  
Cs vapor t.he s k i c k i n g  c o e f f i c i e n t  e s s e n t - i a l l y  r e a c h e s  an a ~ y m p t ~ o t i c  v a l u e  much 
l e s s  t h a n  u n i t y .  Th i s  h a s  f a r  r e a c h i n g  i m p l i c a t i o n s  r e g a r d i n g  t h e  ef f e c k i v e -  
n e s s  of g r a p h i t e  i n  g e t t e e r i n g  C s  over  l o n g  p e r i o d s  of t ime.  F u r t h e r  e x p e r i -  
m e n t , ~  a r e  p lanned tro a d d r e s s  t h i s  i s s u e  i n  g r e a t e r  d e t a i l .  

The p r e c i s i o n  and r e p r o d u c i b i 1 i t . y  of our d a t a  is e x c e l l e n t , ,  a l l o w i n g  
t h e o r e t i c a l  a n a l y s i s  of t h e  g e t a t e r i n g  p r o c e s s .  Through t ,h i s  a n a l y s i s  we wish 
t o  deve lop  means of p r e d i c t i n g  g e t t e r i n g  ~ a p a b i l i t ~ i e ~  a f t e r  s e v e r a l  years of 
C s  exposure .  F i n a l l y ,  tvhe g r e a t e r  s e n s i t . i v i t # y  is be ing  employed t o  s t u d y  
 effect,^ of d i f f e r e n t  g raph i t . e  s u r f a c e  cond i t . ions  on g e t t e r i n g  c a p a b i l i t - i e s .  



4 .  Cesium Oven Performance 

Oven d e s i g n  is impor tan t  t.o t h e  o p e r a t i o n  o f  t h e  C s  s t a n d a r d  because 
t h e  a n g u l a r  d i s t , r i b u t , i o n  of  atoms e f f u s i n g  from t h e  oven is a f a c t a r  i n  
d e t e r m i n i n g  t h e  l i f e t , i m e  of t h e  oven,  and t h e  i n t e n s i t - y  a t  t h e  peak o f  t h e  
beam must be h igh  enough t o  y i e l d  an adequake s i g n a l - t o - n o i s e  r a t i o .  Too much 
o f f - a x i s  C s  cou ld  a l s o  s h o r t e n  t h e  l i f e  of t,he g e t t e r s  and c o n t r i b u t e  t o  
background n o i s e  a t  t h e  d e t e c t o r .  Ovens used on s a t . e l L i t e s  also must have 
accep t , ab le  h e a t i n g  power r e q u i r e m e n t s .  These  constraint,^ a r e  somewhat d i f f e r -  
ent, from t h o s e  on l a b ~ r a t ~ o r y  a tomic  beam s o u r c e s ,  and a d i f f e r e n t  d e s i g n  
ph i losophy  is r e q u i r e d .  

To a i d  i n  d e s i g n i n g  Cs ovens f o r  use i n  s a t e l l i t e  compat ib le  
s t a n d a r d s ,  an a p p a r a t u s  was consttructved t o  measure t h e  a n g u l a r  d i s t r i b ~ l t i o n  of  
atoms e f f u s i n g  from C s  ovens.  The a p p a r a t u s  is a s i m p l e  m o d i f i c a t i o n  of t,he 
sys tem used tqo s t u d y  g r a p h i t e  getter s t i c k i n g   coefficient,^. I n  t h i s  
apparatus, shown s ~ h e m a t ~ i c a l l y  i n  F i g .  l4a ,  t h e  oven a p e r t u r e  sits a t  t.he 
centrer  of r o t e a t i o n  of a moveable s u r f a c e  i o n i z a t i o n  det ,ect ,or ,  mounted on a 
magnet, i c ro t , a r  y motrion f eedthrough . The measured a n g u l a r  d i s t , r i  but, i o n s  a r e  
used t.0 c h a r a ~ t ~ e r i z e  t h e  oven d e s i g n  performance.  T h i s  is done by m u l t i p l y i n g  
t h e  measured d i s t , r i b u t , i o n s  by t,he sine of t h e  a n g l e  o f f  t.he beam a x i s  and 
in t .egra t . ing  o v e r  a l l  a n g l e s  up t,o 90 degrees  off  a x i s .  T h i s  i n t - e g r a t i o n  g i v e s  
a  va lue  f o r  t h e  t .o ta l  amount of mat , e r i a l  e f f u s i n g  from t.he oven f o r  a given 
on-ax i s  beam i n t e n s i t y .  For a p p l i c a t i o n  i n  an atarnic c l o c k ,  a  good oven 
d e s i g n  must. minimize t.he t.ot.al amount; of effusing m a t e r i a l  for a given beam 
int ,ens i t .y  i n  o r d e r  t o  conse rve  C s  and ex tend  c l o c k  l i f e .  We compute a f i g u r e -  
o f -mer i t  (FOM) f o r  an oven d e s i g n  by comparing t.he r a t i o  of  t,he beam i n t - e n s i t y  
t,o t h e  t.ot,al e f f u s a t e  t.0 t,he same r a t i o  f o r  an i d e a l  l l cos ine"  d i s t r i b u t i o n  
oven,  A c o s i n e  d i s t r i b u t i o n  is what t.heory predic t .3  s h o u l d  be o b t a i n e d  f o r  a  
h o l e  i n  a  ve ry  t h i n  w a l l .  Since a  c o s i n e  d i s t , r i b u t i o n  is khe broadest .  poss i -  
b l e  d i s t . r i b u t i o n  f o r  e f f u s i o n ,  i t ,  is t h e  worst. p o s s i b l e  performance for an 
oven d e s i g n ,  and w i l l  have a n  FOM of  u n i t y .  T y p i c a l  e x p e r i m e n t a l  r e s u l t , s  a r e  
shown on F i g .  l 4 b .  A p a r t . i c u l a r  s t r e n g t h  of t.he a p p a r a t u s  is it,s a b i l i t , y  t o  
i n v e s t . i g a t e  angu la r  di .st . r ibut , ions a t  l a r g e  a n g l e s  i n t o  which most of  t h e  C s  
at.oms a r e  a c t , u a l l y  emi t.tred. Thus f a r  our  a p p a r a t u s  has  been used t o  s t u d y  
homebui l t  ovens w i t h  FOMs n e a r  5 and GPS-kype ovens  w i t h  much h i g h e r  FOMs. 

C .  St.uciies R e l a t e d  t o  t h e  Hydrogen Maser 

S i n c e  it,.s i n v e n t i o n  more t h a n  twenty  y e a r s  ago ,  t.he H maser has promised 
t.o be a s o u r c e  of very  p r e c i s e  f requency  and time i n f ~ r m a t ~ i o n ,  i n  f u l f  i l lmento  
of these  expectateions H masers have found a  v a r i e t y  of a p p l i c a t i o n s .  For t h e  
A i r  Force ,  H masers  may be Launched on GPS s a t . e l l i t , e s ,  where a tomic  c l o c k  
t i m i n g  i n f  ormat.ion a l lows  ve ry  p r e c i a e  n a v i g a t i o n  anywhere on tohe E a r t h '  s 
s u r f a c e  o r  i n  it,s atmosphere.  A d d i k i o n a l l y  t h e  H maser w i l l  c e r t a i n l y  be a 
major component i n  f u t u r e  apace  syst ,ems,  where ext reme aubonomy and s u r v i v -  
a b i l i h y ,  at#t ,ainabLe w i t h  t h e  maser ' s  s u p e r b  f requency  s t a b i l i t , ~ ,  a r e  
r e q u i r e d .  However, w h i l e  t ,hese  a tomic  d e v i c e s  w i l l  f i n d  an ever  widening 
r a n g e  of s p a c e  a p p l i c a k i o n s ,  a d e t a i l e d  u n d e r s t a n d i n g  of t , h e i r  v a r i o u s  com- 
p o n e n t . ~ '  o p e r a t i n g  p r i n c i p l e s  is no t  always a v a i l a b l e .  C ~ n s e q u e n t ~ l y ,  we are 



invest. igat, ing  component.^ w i  t.h t.he goal of i d e n t i f y i n g  and remedying charac-  
t , e r i s t , i c s  which might h inder  H maser a p p l i ~ a t ~ i o n  i n  ru t -ure  space  syst,ems. 

1 .  Dicke Narrowing of the  Hydrogen Hyperf'ine Resonance 

The "heart.I1 of t h e  H-maser is a narrow at.omic resonance 
9 

(Qatomi c - 10 ) a s s o c i a t e d  wit,h t,he wel l  known 21 cm l i n e  of hydrogen ( s e e  
Fig.  15) .  This high atomic Q r e su l t , s  from a process known as "Dicke- 
narrowingn,  where t h e  Doppler s h i f t 8  due t o  an H at.omts motion a r e  e s s e n t i a l l y  
averaged t o  zero  a s  a r e s u l t  of c o l l i 3 i o n s  witrh t,he t , e f lon  coat.ed w a l l s  of t he  
H at.omls s to rage  v e s s e l .  U n f ~ r t ~ u n a t e l y ,  t.0 date t h e  phenomenon of Dicke- 
narrowing a s  i t  occurs  i n  t,he H maser has not been wel l  lmder,stPood: and s i n c e  
atomic mot.ion which d o e s n t t  average  t.o zero  robs  usefu l  s i g n a l  from tohe maser, 
a ccu ra t e  s ignal- t ,o-noise  p red i c t i ons  of var ious  H-maser designs have been 
lack ing .  Recent work i n  our laborat ,ory,  however, has shed new l i g h t  on t.he 
Dicke-narrowing process .  I n  par t , i cu la r  , our  s t .udies  indicat ,e  t h a t  when an 
atom impact3 tohe coat-ed s u r f a c e  it can scat, t ,er from tohe s u r f a c e  t,hrough one of 
two channels:  a trapping-desorpt. ion ( T D )  channel ,  o r  a q u a s i - e 1 a s t . i ~  (QE) 
channel.  I n  b r i e f ,  slow atoms s c a t t e r  predominant.ly through t h e  TD channel ,  
whi le  f a s t  atoms s c a t t e r  t.hrough t.he QE channel .  Since our a n a l y s i s  shows 
t h a t  t h e  narrow maser s i g n a l  will only  come from atoms which sca t t . e r  through 
t h e  QE channel ,  t h e  ensemble of at,orns c ~ n t ~ r i b u t i n g  t,o t h e  maser s i g n a l  w i l l  
n e c e s s a r i l y  be descr ibed by a temperature h igher  khan thermal .  Consequently,  
t.0 understand Dicke-narrowing, a l lowing  accu ra t e  ca lcu la t . ion  of the  
H-resonance l i ne shape ,  one needs t,o cons ider  t h e  higher  ef f ec t.i ve temperature  
associat-ed w i  t,h t h e  maser s i g n a l .  These conclusions a r e  pa r t . i cu l a r ly  
importwant. t o  t h e  development of an H maser t heo rek i ca l  s i g n a l  model, which is 
intended t+o even tua l ly  p r e d i c t  ~i gnal-too-noise r a t i o s  and atami c Qs f o r  
va r ious  H-maser designs of int ,erest+ Tor space app l i ca t - i ons .  

2. Performance of t.he Hydrogen Di s soc i a to r  

A c r i t i c a l  component of t h e  maser from t h e  point. of view of r e l i -  
a b i l i b y  and long-term operateion is the  source  of atomic hydrogen, t h e  H2 
d i s s o c i a t o r  . It,a performance w i l l  det.ermine t h e  hydrogen budget of t h e  maser, 
a good f r a c t i o n  of it.s power budget and t h e  vacuum pumping  requirement.^. The 
o v e r a l l  hydrogen e f f i c i e n c y  of t h e  maser is t h e  r a t . i o  of t h e  excess flow of' 
atoms i n  t,he F=l  , M=O hype r f ine  skate i n t o  t h e  maser bulb (which is determined 
by t.he maser o s c i l l a t , i o n  c ~ n d i t ~ i o n * ~ ) ,  and t h e  t o t ea l  hydrogen flow i n t o  t,he 
d i s s o c i a t o r .  This  r a t i o  w i l l  be determined p a r t . 1 ~  by tohe at.omic fract ,Jon i n  
tohe d i s s o c i a t o r  out.flow, and p a r t l y  by t h e  focuss ing  propert . ies of t,he st#at,e- 
s e l e c t i n g  magnet.. Since at-omic def 1ect.ion i n  an inhomogeneous magnet, i c  f i e l d  
is inve r se ly  proport.iona1 too t h e  square  of t,he atomic speed ,  t h e  atomic 
v e l o c i t y  d i s t . r i bu t ion  a t  t h e  d i s s o c i a t o r  output  should have f i r s t ,  and second 
moment+s as low as poss ib le .  Besides high d i s s o c i a t i o n  sf f'iciency and narrow, 
low-average v e l o c i t y  d i ~ t ~ r i b u t i o n s ,  ot,her imporkant, cons ide ra t i ons  f o r  t h e  
design of space-qua l i f ied  hydrogen d i s ~ o c i a t ~ o r s  a r e  low power consumpt.ion and 
low wal l  recombination r a t e s  dur ing  trhe l i f e k i m e  of the  maser. 

We have performed t , heo re t i ca l  s t u d i e s  of t,wo types  of d i s soc i -  
at.ors: RF d i s cha rge ,  and thermal .  I n  t h e  RF d ischarge  t y p e ,  hydrogen mole- 



c u l e s  a r e  d i s s o c i a t e d  by spin-exchange c o l l i s i o n s  w i t h  e n e r g e t , i c  e l e c t r o n s  (E 
> 8.5 eV) i n  t h e  d i scharge-genera ted  low-densi ty  plasma. High at,omic f r a c -  
t i o n s  can be ach ieved  e a s i l y  a t  moderate  d i s c h a r g e  power, I n  t h e  the rmal  
t y p e ,  hydrogen molecuLes d i s s o c i a t e  on a hot. t.ungst,en s u r f a c e .  Reasonable  
a tomic  f r ac t . ions  can be a c h i e v e d ,  b u t  t h e  r a d i a t i v e  power lames are h igh .  
For bo th  t y p e s  of d i s s o c i a t - o r s  i t  is d i f f i c u l t  t o  p r e d i c t  t h e  speed  d i s t r i b u -  
t i o n s  of t h e  I-I atoms i n  t,he o u t p u t  beam, s i n c e  i n  bokh c a s e s  t.he atoms have 
i n i t i a l l y  some e x c e s s  energy and ,  due tqo t h e  c o n d i t i o n s  under which t h e  d i s -  
s o c i a t o r s  a r e  o p e r a t e d ,  i t  is no t  c l e a r  whether t h e y  w i l l  r e a c h  t h e r m a l  equi-  
l i b r i u m  wit.h t h e  w a l l s  b e f o r e  l e a v i n g  o r  n o t .  

I n  o r d e r  t o  e v a l u a t e  at.omic f r a c t i o n s  and speed d i s t ~ r i b ~ t ~ i o n s  f o r  
bo th  t y p e s  of d i s s o c i a t o r s  we have b u i l t  an a tomic  beam apparat.uq c o n s i s t , i n g  
of a hydrogen p u r i f i e r  and con t . ro l l ed  l e a k ,  a n  at,omic s o u r c e  ( i  . e . ,  t,he d i s -  
s o c i a t , o r  under s t u d y )  a d i p o l e  electromagnet.  wi th  po le -p ieces  shaped  t o  
produce an inhomogeneous, magne t i c  f i e l d  i n  t h e  tt t,wo-wiret1 c o n f i g u r a t i o n ,  "34 t,wo detoectvors  which can be d i s p l a c e d  normal t o  t h e  beam: a p i r a n i  d e k e c t o r ,  
s e n s i t . i v e  t o  b0t.h a tomic  and molecu la r  hydrogen,  and a hea t -o f - recombina t ion  

which s e n s e s  o n l y  a tomic  hydrogen.  F i g .  1 6  shows s c h e m r t , i c a l l y  
o u r  e x p e r i m e n t a l  ar rangement .  When t h e  magnet is t u r n e d  on ,  at-oms hav ing  
o p p o s i t e  s p i n  s t a k e s  a r e  d e f l e c t e d  i n  o p p o s i t e  d i r e c t - i o n s ,  g i v i n g  r i s e  t o  a 
double-peaked i n t e n s i  t.y d i s t r i b u t i o n  i n  t h e  det,ect,or p lane .  C a r e f u l  measure- 
ments of t h e  def lect .ed beam i n t e n s i t y  p r o f i l e s  w i l l  y i e l d  i n f  ormatqion on t h e  
a tomic  speed  d i s t r i b u t i o n .  T h i s  a p p a r a t u s  has  been t e s t e d  and c a l l  brat-ed 
u s i n g  C s  and Rb beams; F i g .  1 7  shows some d e f l e c t e d  a l k a l i  beam i n t . e n s i t y  
p r o f i l e s .  T h i s  f a c i 1 i t . y  can be of p a r t - i c u l a r  va lue  i n  c h a r a c t . e r i z i n g  new 
d i s s o c i a t o r  d e s i g n s .  

111. CONCLUSIONS 

The Aerospace C o r p o r a t i o n ' s  Chemist ry  and P h y s i c s  Laborat ,ory Atomic 
Clocks  Program is composed of a number of s p e c i f i c  t a s k s  aimed a t  improving 
t.he performance and r e l i a b i l  i t*y  of compact a tomic  f r e q u e n c y  s t a n d a r d s  des igned  
f o r  u s e  o n  USAF s a t e l l i t e s .  I n  o r d e r  t o  develop and m a i n t a i n  t,he needed 
e x p e r t i s e ,  t h e  t - a sks  a r e  d i s t r i b u t e d  a c r o s s  a r a n g e  of a tomic  .st*andards. The 
a r e a s  i n  which e f f o r t  is expended have been chosen 3uch t h a t  t h e  r e s u l t s  w i l l  
l e a d  t o  improved performance and r e l i a b i l i t , ~  o f  t h e  s t a n d a r d  w i t h  which t h e  
i n v e a t i g a t , i o n s  a r e  a s ~ o c i a t ~ e d .  The g o a l  of  t,hi,s paper h a s  been t o  f u r t h e r  
inform tqhe time and f requency  communit,y o f  our  inves t , iga t . ions  and Yosteer 
c ~ m m u n i c a t ~ i o n s  between Aerospace and both  m i l i t a r y  and c i v i l i a n  members of 
t h a t  community. 
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Figure 1 :  Overview of t.opics current ly  under i n ~ e s t ~ i g a t i o n  i n  t h e  Aerospac~: 
Corporation Chemist,ry and Physics Laboratory. 

- 1 

(a) TRANSITION 6835 MHz 

Figure 2: a )  Schematic representa te ion  of the  t y p i c a l  atomic hyperf  i n s  polar- 
i z a t i o n  generated i n  Rb gas ce l l  atomic clocks.  Shaded r ec t ang le s  
represent  population amplitudes n (  F,m).  b )  Concentrat ion of a l l  
trhe atoms i n  s i n g l e  m=O Zeeman sub leve l .  
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F i g u r e  3 :  Schemat ic  of the a p p a r a t u s  wed f o r  s t u d y i n g  t h e  populat , ion d i s -  
t r i b u t i o n s  among t h e  ground s k a t e  Zeeman s u b l e v e l s  i n  an o p t i c a l l y  
pumped Rb vapor. 

MAGNETIC FIELD H, - 
F i g u r e  4 :  Ty cal exper imenta l  d a t a  f o r  rf t r a n s i t i o n s  (F ,m)  - (F, m-1) f o r  

Rb" (I=5/2) i n  a vapor c e l l  c o n t a i n i n g  n a t u r a l  Rb. The s i g n a l  
amplit,ude is p r o p o r t i o n a l  t o  the p o p u l a t i o n  d i f f e r e n c e  An. 



Log LAMP OPERATING TIME, h 

Figure 5: T y p i c a l  Rb consumption data f o r  a d ischarge  l a m p  opera t ing  under 
normal c o n d i t i o n s .  The s o l i d  l i n e  r e p r e s e n k s  a r i t  t o  t h e  d i f f u -  
s i on  law ind ica t , ed  on tohe f igure,  

F igu re  6:  Cesium i o n i c  d w e l l  time on polycrys t ,a l l ine  tungst.en vs. tempera- 
ture fol lowing Nazarov (Ref. 1 9 ) .  



Figure 7: Waveforms (in a r b i t , r a r y  un i t s )  f o r  a s i n g l e - v e l o c i t y  cesi beam 
-Y' i nc iden t  on a tungs ten  i o n i z e r :  f 2 500 Hz, T 3x10 sec .  

Figure 7a is t h e  i nc iden t  atomic beam and Fig.  7b is the  emerging 
ion  c u r r e n t .  

F igure  8: Waveforms ( i n  a r b i t r a r y  u n i t s )  for  a cesium beam wikh a gausaian 
v e l o c i t y  d i s t r i b u k i o n  t h a t  is inc iden t  on a t u n g s t e n  i o n i z e r :  - 

= 1 .4x10 -~  s e e . ,  7 ; 120 m/sec., 0 = 1 Om/sec., f 500 Hz, r 
:!!lo- SBC.  Figure 8a is the atomic beam aL t h e  point  oP rnodula- 
t.ion; Fig. 8b is the atomic beam a r r i v i n g  a t  t h e  i o n i z e r ,  and Fig. 
8c is t h e  emerging i on  c u r r e n t .  



a (MIS)  

Figure 9 :  s igna l - to -noise  r a t i o  ( i n  a r b i t r a r y  u n i t s )  vs.  t h e  width  of t h e  
atomic v e l o c i t y  d i s t r i b u t i o n ,  which i s  - assumed t o  be a gaussian of 
s tandard  deviation a: v = 120 m/sec., t = 1 .4x10k3 s e c . ,  f - 500 
Hz, and r = 3 x 1 0 ~  s e c .  A 

Figure  10: Elec t ron  m u l t i p l i e r  test, bed schematic:  A is t h e  cesium oven; B 
is t h e  hot-wire i o n i z e r ;  C is t h e  Einzel l e n s  and s t e e r i n g  elec- 
t rodes ;  EM is t h e  e l e c t r o n  m u l t i p l i e r ;  di is the  i - t h  dynode and a  
is t h e  anode. 



Figure 1 1 :  F i r s t  dynode,  l a s t  dynode and overall  ga in  versus time for a GPS- 
t y p e  e l e c t r o n  m u l t i p l i e r  under t es t .  

GRAPHITE SAMPLE 7 

Cs ATOMIC BEAM 

ROTATABLE DETECTOR 1- 

Figure 12:  S c h e m a t i c  of t,he expe r imen t . a l  arrangement.  used f o r  t h e  measurement* 
of t h e  s t v i e k i n g  coef f ic ien t  Y for  Cs on g r a p h i t e .  For r e f e r e n c e  
t h e  g r a p h i  t.e sample is r e p l a c e d  w i  t,h p a r a f f i n  coated surface.  
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EXPOSURE TIME ( H )  

Figure 13: Experimental data showing t h e  decline of Y wit.h exposure time. 
The cesium beam flux incident. of t.he POCO CZR-R graphi t .e  ,sample 

2 was 6.2 x 10' ' at,orns/cm s .  

c&j 
CESIUM OVEN 

ROTATABLE 
DETECTOR 

POLAR PLOT 

Figure 1 4 :  a )  Schematic of t,he apparat-us employed t o  measure t h e  angular 
d i s t r i b u t i o n  of at,oms emittoed from a cesium oven. b) Experimental 
d a t a  y i e l d e d  by the apparat.us plot..t.ed i n  t-erms of t.he clet,ect.ed 
i n t e n s i  toy  ve r sw  polar angle. 
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F i g u r e  15: Dicke-narrowed h y p e r f i n e  L i n e s h a p e  o b t a i n e d  from a t r a j e c t o r y /  
d e n s i t y  m a t - r i x  a n a l y s i s .  

Ini t , i 9 7  
e x p e r i m e n t a l  and  t h e ~ r e t ~ i c a l  

a n a l y s e s  have been pe r fo rmed  on Rb . 
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DISTRIBUTIONS 

OBJECTIVES: TO MEASURE DISSOCIATION FRACTIONS, AVERAGES AND 
WIDTHS OF VELOCITY DISTRIBUTIONS 

F i g u r e  16: a )  S c h e m a t i c  of t h e  e x p e r i m e n t a l  a r r a n g e m e n t  for d e t e r m i n i n g  t h e  
v e l o c i t , y  d i ~ t ~ r i b u t i o n  of H-atoms emit.t.ed by t h e  H-atom dissoci- 
a t o r .  The dashed lines g i v e  t rajectories  of molecular hydrogen 
( c e n t - e r )  a n d  a t o m i c  hydrogen  w i t h  s p i n  up and down when t.he "two- 
wiretf f i e l d  magnet  is t u r n e d  o n .  F i g u r e  16b show3 t h e  e x p e c t e d  
i n t e n 3 i t . y  d i s t . r i b u t i o n s .  I. i a  magnet  o f f ;  I, is magnet  on an 
measured  by recombinat . ion  d e t e c t o r ,  and  I2 is magnet  on but. msa- 
sured w i t h  t h e  P i r a n i  d e t e c t o r .  
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Figure 17: Rubidium atomic beam in tens it.^ p r o f i l e s  af t,er deflect.ion i n  t,he 
I1t,no-wire" field magnet.; f i e l d s  a r e  given i n  g a u s s .  The cen t ra l  
f e a t u r e s  a t  Bo - 1220 G is t h e  s igna tu re  of t h e  m = - 1 s t - a t e s ,  
which have zero eff e c t r i v e  magnetic moment a t  t h a t  f i e l d  s t , rength .  




